Production of volatile substances from edible oils and their constituents by Penicillium corylophilum was studied to clarify the mechanism of flavor production from a non-stick oil by the organism in a rice cake system. First, edible oils from plant and animal origins were tested for flavor production. Among the oils tested, coconut oil was the only one from which the flavor was produced. Second, triacylglycerols consisting of fatty acids with various lengths of carbon chain (C 6 to C 13 ) were studied for flavor production. Among the triacylglycerols tested, flavors were produced from those consisting of fatty acids with carbon chains of C 6 to C 11 . The flavors consisted of methylketones and secondary alcohols, whose carbon chains were one carbon shorter than the precursor fatty acid molecules of the triacylglycerols. Flavors similar to that from the non-stick oil were produced from tricaprylin (C 8 ), trinonanoin (C 9 ), and tridecanoin (C 10 ) among the triacylglycerols tested. Formation of mould spores was more strongly suppressed by triacylglycerols with shorter chain fatty acids. Third, fatty acids with various lengths of carbon chain (C 7 to C 15 ) were studied for flavor production. Among the fatty acids tested, flavors were produced from decanoic (C 10 ) and undecanoic (C 11 ) acids only. The flavors also consisted of methylketones and secondary alcohols one carbon shorter than the precursor fatty acids. Fatty acids with short carbon chains (C 7 to C 9 ) completely inhibited the mould growth. Our study showed that the range of carbon chain length of fatty acids capable of the flavor production (C 10 to C 11 ) was narrower than that of triacylglycerols (C 6 to C 11 ). It was also found that the non-stick oil and coconut oil contain tricaprylin and tridecanoin as triacylglycerols and decanoic acid as fatty acid.
Introduction
Recently we have reported on an apple-like flavor production in rice cake products 1) . A non-stick oil had been sprayed on the rice cake products during a cutting process. It was found that Penicillium corylophilum, a contaminant of the oil, produced the flavor in the sprayed rice cake. The flavor consisted of four volatile substances, including methylketones (2-heptanone and 2-nonanone) and secondary alcohols (2-heptanol and 2nonanol). The flavor was also produced from coconut oil, which was one of the ingredients of the non-stick oil. Further, we found that most of the moulds tested had a potential to produce the flavor from the non-stick oil, whereas none of the bacteria or yeast tested did. It is now important to know the characteristics and/or mechanism of the flavor production from the non-stick oil by moulds from the viewpoint of food hygiene to prevent the occurrence of unfavorable odor production in foods.
The fundamental structural component of oil is triacylglycerol, which consists of three fatty acids and one glycerol 2), 3) . It is known that fatty acids are released from triacylglycerols by lipases of microorganisms, especially moulds, and that volatile substances such as methylketones are produced from fatty acids by moulds 2), 4), 5) . However, these studies were performed mainly for flavors of specific foods and foodstu#s, such as cheese, bread, and mushroom 4)ῌ6) . Systematic studies on flavor production by moulds from oils and their constituents (triacylglycerols and fatty acids) with carbon chains of various lengths have hardly been done. Especially, no such studies on triacylglycerols have been reported so far. In this paper, therefore, we conducted such studies using P. corylophilum.
Materials and Methods

Microorganism
P. corylophilum (P-3) was isolated from the non-stick oil in our laboratory 1) .
Rice cake
Rice cake products without any flavor or microbial contamination were purchased at a retail shop in Tokyo.
Edible oils
Edible oils of plant and animal origins, including olive oil, canola oil, sa%ower oil, sesame oil, lard, milk fat (butter), and beef tallow were purchased at retail shops in Tokyo. Coconut oil and the non-stick oil were donated by Miyoshi Oil Co., Tokyo and the rice cake producer 1) , respectively.
Chemicals
Methylketones (2-pentanone, 2-hexanone, 2-heptanone, 2-nonanone, and 2-decanone) and secondary alcohols (2-pentanol, 2-hexanol, 2-heptanol, 2-nonanol, and 2-decanol) were obtained from Wako Pure Chemical Industries, Tokyo. Fatty acids (heptanoic acid, octanoic (caprylic) acid, nonanoic acid, decanoic (capric) acid, undecanoic acid, dodecanoic (lauric) acid, tridecanoic acid, tetradecanoic (myristic) acid, and pentadecanoic acid) and triacylglycerols (tricaproin, trioenanthin, tricaprylin, trinonanoin, tridecanoin, triundecanoin, trilaurin, and tritridecanoin) were purchased from Funakoshi Co., Tokyo. Triacylglycerols with fatty acids of shorter carbon chain length (less than six carbon atoms) were unavailable from the producer (Funakoshi).
5.
Flavor production in the rice cake system P. corylophilum spore suspension (5ῌ10 3 cells/mL) was prepared by the method of Fujikawa et al. 1) . Mixtures of 5 g of rice cake and 0.5 mL of water were sterilized in 50-mL glass tubes with tight glass caps at 100῍ for 15 min. After having been cooled at room temperature, a 0.5-mL portion of the spore suspension and a chemical test sample (0.5 g of oil, 150 mg of triacylglycerol, or 150 mg of fatty acid) were inoculated into the glass tubes. The oils had been sterilized at 121῍ for 15 min. The mixtures in the glass tubes were incubated at 25῍ for 2 weeks in duplicate. Controls without the spore inoculation were also incubated.
Chemical analysis of flavor
Ten-milliliter portions of ethyl acetate were mixed into the incubated rice cake samples 1) . After filtration, portions of the sample layers were injected into a gasliquid chromatograph/mass spectrometer (GCMS-QP 5000, Shimadzu Co., Kyoto, Japan) for chemical analysis of flavors produced 1) .
Sensory test of flavor
Flavors that were produced in the rice cake samples were evaluated by four panelists of our laboratory 1) .
Mould growth
Mould growth of samples incubated in the rice cake system was observed with the naked eye. Also, small portions of rice cake samples were microscopically ob-served and incubated on potato dextrose agar plates (Eiken Chemicals, Tokyo) at 25῍ for one week 7) .
Results and Discussion
Flavor production from edible oils
Production of flavor from several kinds of edible oil by P. corylophilum was studied in the rice cake system, which had been shown to be suitable for a flavor production experiment using moulds 1) . The sensory test showed that no flavors were produced from olive oil, canola oil, sa%ower oil, sesame oil, lard, milk fat, and beef tallow by the mould and that the flavor from the non-stick oil was produced from coconut oil only. Our previous study showed that the ingredients of the flavor from coconut oil were the same as those from the non-stick oil 1) . Mould growth of the samples supplemented with the edible oils was good, similar to that of the control without oil.
The carbon chain lengths of fatty acids of edible oils of animal and plant origins are generally long, mostly ranging from 16ῌ22 carbon atoms, such as palmitic acid (C 16 ), linoleic acid (C 18 ) and stearic acid (C 18 ) 3), 8) . Compared with these edible oils, coconut oil contains triacylglycerols consisting of medium-chain fatty acids mainly with less than 14 carbon atoms, which are much characteristic of this oil 8) . It was, therefore, suggested that the medium-chain fatty acids of coconut oil could be substrates a#ording the flavor of concern.
2. Flavor production from triacylglycerols
Flavor production from triacylglycerols consisting of saturated fatty acids with short to medium carbon chains (C 6 to C 13 ) by the mould was studied in the rice cake system.
The sensory study revealed that flavors similar to that from the non-stick oil were produced from tricaprylin (C 8 ), trinonanoin (C 9 ), and tridecanoin (C 10 ) ( Table 1 ). The flavors consisted of methylketones and secondary alcohols, whose carbon chains were one carbon shorter than those of the component fatty acids of the triacylglycerols (Table 1 ). Trace amounts of 2nonanone (C 9 ), 2-heptanol (C 7 ), 2-heptanone (C 7 ), and 2hexanone (C 6 ) were also produced from trinonanoin (C 9 ).
The sensory test also showed that flavors were produced from tricaproin (C 6 ) and trioenanthin (C 7 ) by the mould, but they were very di#erent from the flavor of concern from the non-stick oil (Table 1) . Also, a large amount of 2-decanone was produced from triundecanoin, but the flavor of concern was observed only very faintly in this sample (Table 1 ). This was because 2-decanone is not a flavorful substance. Also, 2decanol, which was produced in a very small quantity from triundecanoin, is an odorless substance. In the samples without the mould inoculation, neither flavors nor volatile substances were produced from the triacylglycerols tested.
Hawke 6) proposed a modified beta-oxidation pathway of fatty acids for the production of methylketones and secondary alcohols. It is thought that through this pathway, methylketones and secondary alcohols one carbon shorter are produced from the precursors, or fatty acids, by microbial enzymes. This pathway may yield the methylketones and secondary alcohols of interest here. The main volatile products from the triacylglycerols tested in this study could be formed in this way. These products are underlined in Table 1 .
Our study clarified that the suitability of triacylglycerols as substrates for Hawke's pathway was limited by the carbon chain length of its fatty acids. The "upper" limit for length was triundecanoin (C 11 ). From triacylglycerols containing longer fatty acids, such as tridodecanoin (C 12 ), neither flavor nor any volatile substance was produced ( Table 1 ). The "lower" limit was not determined in this study. That is, tricaproin (C 6 ), which contained the shortest chain fatty acid in this study, was a substrate for the pathway (Table 1) ; triacylglycerols containing shorter fatty acids (῎C 6 ) were not available.
Spore formation of the mould was more strongly suppressed by triacylglycerols with shorter chain fatty acids ( Table 1 ). As the carbon chain length of the triacylglycerol tested was increased, the color tone of the colonies grown in the rice cake system became heavier. The magnitude of spore formation of the mould was measured in terms of the color tone (dark, pale green) of the mould colonies, because spores of the mould are colored specifically and the hyphae are colorless 9) . The color tone, or spore formation of the control with the non-stick oil was located between those of trinonanoin (C 9 ) and tridecanoin (C 10 ) among the samples tested. This is consistent with the fact that the volatile substances from the non-stick oil were produced from tricaprylin (C 8 ), trinonanoin (C 9 ), and tridecanoin (C 10 ) among the triacylglycerols (Table 1) . Hyphal growth for all the samples in the presence of the triacylglycerols was good.
Flavor production from fatty acids
Saturated fatty acids with 7῎15 carbon atoms were studied for flavor production by the mould in the rice cake system.
The sensory test revealed that flavors similar to that from the non-stick oil were produced only from decanoic acid (C 10 ) and undecanoic acid (C 11 ) among the fatty acids tested ( Table 2 ). The chemical analysis showed that the flavor from decanoic acid consisted of mainly 2-nonanone and 2-nonanol, and that that from undecanoic acid consisted of mainly 2-decanone and 2decanol ( Table 2 ). The main volatile products from the fatty acids tested in this study were considered to have been formed via Hawke's pathway, as in the case of the 
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Figures show the averages of four samples in two experiments. ῍ means negative. Underlined figures are volatile substances that might be formed by Hawke's pathway as described in the text. 1 Magnitudes of flavor production were determined by the sensory test. 2 Magnitudes of the mould growth were determined from the spore formation. 3 Production of a flavor di#erent from the control (the non-stick oil)
triacylglycerols. These products are underlined in Table 1 . Trace amounts of other volatile substances such as 2-octanone and 2-heptanone were also produced from these fatty acids (Table 2) . For the samples without mould inoculation, neither flavors nor volatile substances were produced from the fatty acids tested. These results suggested that the flavor from the nonstick oil would be derived mainly from decanoic acid as a fatty acid; the volatile substances of the flavor of concern, other than 2-heptanol, were produced from this acid. Large amounts of 2-decanone and 2-decanol were produced from undecanoic acid, but production of the flavor of concern was low by the sensory test (Table  2 ). This was possibly because 2-nonanone and 2heptanone, which are constituents of the flavor of concern, were produced in low amounts ( Table 2 ) and 2decanone has a very faint flavor, as described above.
The magnitude of spore formation of the mould was observed in terms of the color tone of colonies in the presence of the long chain fatty acids studied (C 10 to C 15 ), as with the triacylglycerols ( Table 2 ). For the long chain fatty acids, the longer the carbon chain of the fatty acid, the heavier the color tone of the sample. The color tone of the colony with the non-stick oil was located between those of the samples with decanoic acid (C 10 ) and with undecanoic acid (C 11 ). This is consistent with the fact that the volatile substances from the non-stick oil were produced from decanoic and undecanoic acids ( Table 2 ). Other investigators have also reported that methylketones were produced from fatty acids by moulds during sporulation 6), 10) .
Growth of the mould was strongly suppressed by the fatty acids with short carbon chains (C 7 to C 9 ) ( Table 2) . Neither hyphal growth nor spore formation of the mould was observed. Also, no viable mould cells were observed in those samples. Naturally, this non-growth led to non-production of any flavor from those samples. It is known that propionic acid (C 3 ), a very short chain fatty acid, inhibits microbial growth and is used as a food preservative 11), 12) . It was newly found that short chain fatty acids of heptanoic to nonanoic acids (C 7 to C 9 ) also inhibited mould growth in this study.
The transformation of fatty acid by Hawke's pathway was found to be limited by the carbon chain length of the acid in this study. The "lower" limit was governed by the suppressive action of short-chain fatty acids, as described above; decanoic acid (C 10 ) was the shortest fatty acid from which a flavor was produced ( Table 2 ). There was also an "upper" limit for the length of carbon chain. From dodecanoic acid (C 12 ) and longer chain fatty acids, neither flavors nor volatile substances were produced by P. corylophilum ( Table 2 ). It is known that moulds do not produce methylketones from long chain fatty acids 10) .
This study showed that the range of acceptable chain lengths for triacylglycerols was wider than that for fatty acids; the range for triacylglycerols was C 6 ῎C 11 , while that of the fatty acids was C 10 ῎C 11 . That is, the di#erence was in fatty acids with less than 10 carbon atoms. These short-chain fatty acids completely suppressed the mould growth, while the triacylglycerols containing these short-chain fatty acids did not (Tables  1 and 2 ). It is thought that fatty acids were released from the triacylglycerols by lipases of the mould and subsequently processed into volatile substances by enzymes of mould cells that grew well in the rice cake samples. In the fatty acid experiment, the inoculated mould cells were exposed directly to the fatty acids, some of which were harmful to the mould, from the beginning of incubation. This might account for the di#erence.
Further physiological and biochemical studies on mould cells should be helpful to confirm this.
The proposed production pathway indicates that the four volatile substances of the flavor from the non-stick oil and coconut oil should be produced from octanoic (C 8 ) and decanoic (C 10 ) acids as fatty acids and tricaprylin (C 8 ) and tridecanoin (C 10 ) as triacylglycerols. However, the volatile substances were not produced from octanoic acid due to its suppressive action on mould growth. These facts suggested that the non-stick oil contains tricaprylin and tridecanoin as triacylglycerols (or decanoic acid as a fatty acid). Our previous study demonstrated that most of moulds had a potential to produce flavors from the non-stick oil 1) . In a preliminary study, some fungi other than P. corylophilum were studied for the flavor production from triacylglycerols and fatty acids in the rice cake system. As a result, Aspergillus niger, which produced the flavor from the non-stick oil in a large amount 1) , produced 2-decanone and 2-decanol from undecanoic acid and 2-nonanone and 2-nonanol from decanoic acid, like P. corylophilum. Also, growth of A. niger was inhibited by short-chain fatty acids (data not shown). Thus, the results obtained with P. corylophilum may be generally applicable to many moulds.
